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Executive Summary
The deployment of hydrogen refueling stations is a significant market barrier to the successful introduction of fuel cell electric vehicles (FCEVs). An improved understanding of the costs and financial risks associated with deploying hydrogen stations can help to reduce this market barrier. This report contributes to this understanding by comparing hydrogen station cost estimates conveyed by expert stakeholders through the Hydrogen Station Cost Calculation (HSCC) to a select number of other cost estimates. These other cost estimates include projections based upon cost models and costs associated with in recently funded stations. The HSCC results reflect cost reductions that could be achieved over time due to cumulated experience, as additional stations are installed, and due to the economies of scale associated with higher capacity stations. Results from the HSCC do not distinguish between stations of different production or delivery types. Instead, the cost estimates and reduction trends apply generally to hydrogen stations of various types likely to be installed over the next 5 to 10 years.
HSCC results are reported through a station classification system that takes into account the degree of station market readiness, station capacity (in units of average kilograms [kg] dispensed per day), and volume of stations produced. State-of-the-Art (SOTA) stations are current technology installed in the 2011-2012 timeframe, Early Commercial (EC) stations are economically viable with little government support, More Stations (MS) are EC stations produced in greater volumes, and Larger Stations (LS) are EC stations produced with larger capacities. HSCC results for each of these four station classifications are summarized in Table  ES -1, including introduction timeframe, station capacity, utilization rate, average output (kg/day), total capital cost, total capital cost per capacity ($1,000 per kg/day), and the percent reduction in capital cost per capacity compared to SOTA stations. These results suggest that significant cost reductions will be achieved by the 2014-2016 timeframe when typical new stations resemble EC stations, with a capacity of 450 kg/day and a capital cost of $2.8 million per station. On a capacity basis, this capital cost is $6,220 per kg/day of station capacity. This is a 62% reduction in capital cost per capacity compared to SOTA stations. This per-capacity capital cost declines to $5,150 per kg/day for MS stations, and $3,370 per kg/day for LS stations. The results in This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
vi Fuel Cell Technologies Office, (2) cost estimates reported in studies completed by researchers at the University of California at Davis, and (3) cost estimates associated with hydrogen stations recently installed or funded in California. Comparisons suggest that cost reduction trends from the HSCC align well with other cost estimates in terms of both anticipated installation year and station capacity. Alignment with cost estimates for specific station types (e.g., onsite production stations or truck delivery stations) suggests that the HSCC cost reduction trends are a reasonable representation of aggregate and generic station costs for an evolving network of hydrogen stations. This result is highlighted through a simulation of a California station network expansion scenario that integrates the influences of learning and experience, station coverage requirements, and economies of scale.
Though HSCC results may capture generic station network cost trends, several important considerations must be taken into account to understand investment risks and opportunities associated with specific station configurations and station network deployment strategies. These considerations include, but are not limited to, the following:
• To ensure convenient refueling availability for early adopters of hydrogen FCEVs, a balance must be achieved between geographic coverage provided by installing multiple stations across broad market areas and cost reductions due to the economies of scale of larger stations.
• Some station and delivery configurations may be more effective at providing coverage at relatively low cost or low financial risk, while other configurations may be more conducive to achieving economies of scale at particular station locations with high local demand potential.
• The station capacity metric used as the basis for capital costs in the present report, a simple kilogram-per-day metric, does not necessarily capture the value of high station throughput during peak demand hours. Some potential station locations in a given market area will benefit more than others from high hourly throughput capability.
• Total station network capital costs could be reduced by leveraging infrastructure investments made to support non-light-duty vehicle markets, such as onsite hydrogen production or truck delivery for fuel cell forklifts used in warehouses or fuel cell ground equipment at airports.
Considering these factors and limitations, the HSCC results are a reasonable representation of hydrogen station capital costs in the near term and can be relied upon as a basis for general cost simulations of early hydrogen infrastructure development. Cost estimation models will need to be updated periodically as more hydrogen stations are installed over time. Ideally, these updates will account for costs associated with distinct station technologies, costs associated with station upgrades or relocation, costs associated with hourly throughput capability, operation and maintenance costs, and other metrics relevant to stakeholder investment risk and early market infrastructure expansion dynamics.
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
vii (Melaina et al. 2012) . Results from the HSCC are compared to three other sources for hydrogen station costs: (1) updated estimates from the Hydrogen Analysis (H2A) case studies, version 3 (U.S. Department of Energy [DOE] 2012), (2) an extensive study from the Institute of Transportation Studies at the University of California Davis (UCD) Ogden and Nicholas 2011) as well as more recent updates from ongoing research , and (3) As a point of reference for the cost estimates discussed below, Table 1 reviews projections from two early cost estimation studies from the 1990s. These estimates, as well as others, were developed before the DOE collected a variety of experts in 2002 to develop the H2A model to establish a common cost estimation framework and financial methodology. As indicated, these early estimates from reports published in 1996 and 1997 (Ogden et al. 1996; Thomas 1997) project long-term station capital costs for onsite steam methane reformer (SMR) stations in the range of $2,000-$3,400 per kilogram (kg) per day of station capacity, with the higher end reflecting the diseconomies of scale associated with smaller stations. Capital costs for electrolysis stations estimated in Thomas (1997) are higher, ranging from $3,300-$5,600 per kg/day of station capacity, again with the smaller station having significant diseconomies of scale. Both studies estimated capital costs assuming mass production of station equipment, in the range of hundreds of units per year. Anticipated years of station deployment were not suggested by the studies, but the approach suggested an asymptote for station capital costs in the range of $2,000-$3,200/kg/day for large stations and $2,000-$5,600/kg/day for small-scale stations. Additional early estimates of hydrogen station costs have been reviewed elsewhere (Basye and Swaminathan 1997; Padró and Putsche 1999; Melaina 2005) , and more recent estimates for Europe have been reported by McKinsey (2010) and analyzed by Michalski et al. (2011) . This report addresses estimates for the U.S. market with a focus on HSCC results.
The sections below review results from the HSCC (Section 2), compare HSCC results with other cost estimates (Section 3), and review the influence of coverage and network growth on station costs in a California simulation (Section 4). The final section provides a brief summary and conclusions. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Results from the Hydrogen Station Cost Calculator (HSCC)
The National Renewable Energy Laboratory's (NREL's) Market Readiness study combined information on hydrogen station cost reduction opportunities from two sources: (1) the Hydrogen Infrastructure Market Readiness workshop held February 16-17, 2011, at the Gaylord National Hotel, National Harbor, Maryland; and (2) station cost estimates from the HSCC, administered as a quantitative follow-up activity to the workshop. The review in the present report focuses on the quantitative cost data received through the HSCC and comparison of these estimates to other studies. Stakeholder feedback from the Market Readiness workshop is reviewed in the workshop proceedings, along with preliminary cost reduction estimation results from the HSCC (Melaina et al. 2012) . The HSCC was designed by NREL and IDC Energy Insights based upon stakeholder input resulting from the Market Readiness workshop. It was administered by IDC Energy Insights and provided anonymous, weighted, aggregate cost estimates for four types of hydrogen stations reflecting distinct levels of technology readiness. A total of 11 stakeholders provided cost data through the HSCC.
Over 60 attendees participated in the Market Readiness workshop and provided detailed descriptions of station cost reduction opportunities, as well as suggesting action items to pursue to achieve these cost reductions (Melaina et al. 2012) . This feedback provides qualitative support and a descriptive context for the quantitative cost reductions reflected in the HSCC results. Eight general and high-priority cost reduction opportunities were identified during the workshop, summarized within four categories: Based upon feedback from Market Readiness workshop participants, four station classifications or types were defined to guide and focus expert responses within the HSCC. The descriptions of each station type, as provided within the HSCC, are indicated in Table 2 . The HSCC was distributed to a select list of organizations with direct experience with hydrogen station projects.
4
Responses were received from 11 stakeholders, shown by type in Figure 1 . IDC Energy Insights administered the collection of responses from these stakeholders and conveyed the aggregated, weighted, anonymous results to NREL staff. IDC Energy Insights weighted responses based upon the historical experience of each respondent with the installation of hydrogen stations, thereby giving greater weight to respondents with more extensive experience. 1. State-of-the-Art Stations (SOTA). Newly installed hydrogen stations with the following attributes:
• The stations would be installed and operational within the 2011-2012 timeframe.
• The stations would include the most recent generation of major components, but would not necessarily include novel or "demonstration" components that have not been previously tested in the field.
• The stations would be sized to meet hydrogen demands in a geographic region with promising future market demand.
Early Commercial Stations (EC).
Based upon your organization's understanding of the growth in demand for hydrogen in the near future (next 5-20 years from the fuel cell electric vehicle, transit bus, and material handling equipment markets), consider hydrogen stations to be Early Commercial stations if they have the following attributes:
• The stations are financially viable with little government support. Based on financial criteria, such as ROI [return on investment], and requiring far less financial support or subsidy than the average support offered to all previous hydrogen stations in the same area or region (70%-90% less). Disregard ongoing support offered to all types of alternative or low carbon fuels, such as a LCFS [low carbon fuel standard], alternative fuel credits, or carbon credits.
• The stations are sized to support growing demand in a promising market region and to ensure adequate ROI. This size could vary from station to station and neighborhood to neighborhood, but consider what might be a typical size for new Early Commercial stations.
• The station design enables cost reductions because it is replicable. The same station design may be used for other stations, reducing the cost of subsequent stations through standardization and economies of production.
More Stations (MS).
Identical to Early Commercial stations, but deployed in larger numbers. Default value is 10 times more stations being deployed than anticipated in the time period identified for Early Commercial stations. Additional cost reductions are achieved through standardization, mass production, streamlining of installation processes, and learning by doing.
Larger Stations (LS).
Identical to Early Commercial stations, but designed for higher volume output. The number deployed is assumed to be similar to Early Commercial stations, but growth in market demand warrants larger station sizes. Default value is a 1.5 increase in size over the Early Commercial stations, with 2,000 kilograms per day as an upper limit.
Figure 1. Percentage of hydrogen station cost calculator respondents by type
Key results from the HSCC are summarized by station classification in Table 3 , including the introduction timeframe, station capacity (in kg/day), utilization rate, average output, total capital cost, total capital cost per capacity ($1,000 per kg/day), and the percent reduction in capital cost per capacity compared to state-of-the-art (SOTA) stations. 1 The results indicated in Table 3 suggest that significant cost reductions will be achieved by the 2014-2016 timeframe, when Early Commercial (EC) stations with an estimated average capacity of 450 kg/day will be installed at a capital cost of $2.8 million per station. On a capacity basis, this capital cost is $6,220 per kg/day of station capacity. This is a 62% reduction in capital cost per capacity compared to SOTA stations. This per-capacity capital cost declines to $5,150 per kg/day for More Stations (MS), and $3,370 per kg/day for Larger Stations (LS). Note that the station definitions in Table 2 only specify years for SOTA stations, so the introduction years indicated in Table 3 for the other station types ("2014-2016" for EC and "after 2016" for MS and LS) originate from the weighted, aggregate results of the HSCC respondents.
Table 3. Summary Results by Station Classification
1 The HSCC is based upon the financial framework of the H2A model, and assumes the station capacity definition used in H2A. The H2A models utilize a specific definition of station capacity based upon industry data provided for typical gasoline station demand on an hourly basis. Stations are designed for a peak hourly demand that occurs on a busy Friday in the summer. Details of this peak capacity design are provided in the H2A User's Manuals, available on the H2A website (DOE 2012 This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Examples of near-term cost reduction opportunities that would likely contribute to the reduction of the SOTA station capital cost ($16,570 per kg/day) to the EC station capital cost ($6,220 per kg/day) by 2014-2016 include the following (Melaina et al. 2012 ):
• Economies of scale (SOTA < 250 kg/day; EC ~ 450 kg/day)
• Develop "standard" station designs
• Harmonize/standardize dispensing equipment specifications
• Develop "type approvals" for use in permitting
• Encourage station investors to design requests for proposals that incentivize standard, scalable designs or networks of stations (rather than one-off, custom-built projects).
These capital cost estimates have be combined with HSCC responses on total expected installed station capacity after 2016 to develop a general capital cost function with station size and cumulative installed station capacity as input parameters. A surface plot of this function is shown in Figure 2 , with cumulative installed station capacity shown as the total number of fuel cell electric vehicles (FCEVs) supported (assuming 75% utilization of installed capacity and consumption of 0.5 kg/day of hydrogen per FCEV, determined based upon an assumption of 65 miles per gallon of gasoline equivalent and 12,000 miles driven per year). The capital cost function is: The HSCC results are generic for all station types anticipated by respondents within the time frames reported. The capital cost function therefore represents an expected mix of station types, including, for example, onsite production and gaseous or liquid hydrogen truck delivery stations. This general capital cost equation does not necessarily apply beyond a cumulative installed capacity of approximately 100,000 to 500,000 kg/day (although the functional form above does allow for extrapolations beyond this capacity, as demonstrated below). The HSCC results 7 suggest that most respondents were not projecting costs beyond this level of infrastructure expansion, which, assuming an average station size of 1,000 kg/day, is about 100-500 stations total. The resulting experience curve progress ratio is 95.8 (2 -0.062 ), which is relatively conservative for new energy technologies (Wene 2000; McDonald and Schrattenholzer 2001) . 2 However, sufficient historical experience with hydrogen station costs has not been achieved to justify a truly general and empirical learning rate. Therefore, for more detailed studies of infrastructure rollout, station designs and technology-specific cost estimates would ideally be relied upon for projections beyond approximately 100,000-500,000 kg/day of cumulative installed capacity. This capacity is sufficient to support 200,000 to 1,000,000 light-duty FCEVs.
In addition to capital costs, HSCC results are also available on total fixed operating costs. Due to limitations on the types of data provided by respondents and the requirement to maintain respondent anonymity, only two types of fixed and operating costs could be separated out from the aggregated HSCC results: (1) maintenance and repairs, and (2) rent. A parametric fit to total fixed operating costs was developed for EC, MS, and LS station types, although this fit does not capture costs for SOTA stations, as indicated in Figure 3 . The cost curves for rent and for maintenance and repairs are, coincidentally, nearly identical. As a reminder, the HSCC results are not specific to any particular station type and therefore do not account for variable costs associated with fuel or feedstock costs. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Comparisons with Other Recent Cost Estimates
Hydrogen Analysis Model Case Studies (2012)
In February of 2003, the DOE initiated the Hydrogen Analysis (H2A) Project to establish a consistent methodology and set of financial parameters for estimating the cost of hydrogen (DOE 2012) . Prior to this effort, several organizations had analyzed hydrogen costs using a variety of detailed cost models, but it proved challenging to compare results given the wide range of methods and varying input parameters. The objectives of the H2A Project are the following (DOE 2012):
1. Establish a standard format and list of parameters for reporting analysis results for central production, distributed (forecourt) production, and delivery 2. Seek better validation of public analyses through dialog with industry 3. Enhance understanding of the differences among publicly available analyses and make these differences more transparent 4. Establish a mechanism for facile dissemination of public analysis results 5. Work to reach consensus on specific analysis parameters for production and delivery.
The first versions of the H2A models and case studies were published in 2005 and became the DOE standard for estimating hydrogen costs. These original case studies were developed with input and deliberation from a group of key industrial collaborators, which included representatives from American Electric Power, BOC Gases, British Petroleum, Chevron, Eastman Chemical, Entergy, ExxonMobil, Ferco, Framatome, General Electric, Praxair, Stuart Energy, and Thermochem. Of the various production and delivery technologies represented, the suite of H2A case studies included three onsite production or "forecourt" models: (1) reforming of natural gas by way of SMR, (2) production by way of electrolysis, and (3) production by way of reforming ethanol. For each of these onsite production technologies, H2A case studies were developed for Current and Future timeframes, originally identified as 2005 and 2015, respectively.
Costs for hydrogen delivery systems are represented as components in the H2A Delivery Components model, and as urban area scenarios in the H2A Hydrogen Delivery Scenario Analysis Model (HDSAM), including costs for retail stations receiving either gaseous or liquid truck deliveries, including upstream capital costs for terminal equipment and trucks (DOE 2013). Truck delivery systems, with production usually occurring at existing natural gas SMR plants located at petroleum refineries, have been the dominant configuration for recently installed hydrogen stations. The H2A case studies were updated to Version 3 in 2012 and have been integrated with the DOE's HDSAM, Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET), Hydrogen Production (HyPRO), and Hydrogen Demand and Resource Analysis (HyDRA) models through the Macro-System Model and serve as the cost basis for the Scenario Evaluation and Regionalization Analysis (SERA) infrastructure optimization model (Ruth et al. 2012; Bush et al. 2013) .
The H2A Production model uses a standard discounted cash flow rate of return methodology to determine a levelized cost given a specific after-tax rate of return. The models and case studies can be downloaded from the H2A website and have flexible inputs and transparent cost
calculations. The H2A models have been used for a variety of cost estimation activities, including an independent review of the cost of onsite SMR stations (Fletcher and Callaghan 2006) and an independent review of the cost of electrolysis, including onsite electrolysis stations (Genovese et al. 2009 ). Figure 4 summarizes the capital costs per capacity ($/kg-d) associated with three sizes of stations (100, 400, and 1,000 kg/day) in the updated 2012 H2A version 3 case studies for onsite SMR and electrolysis stations. Note that the Current cases refer to technology status in 2010 and assume deployment five years later in 2015 with mass production (at a rate of 500 units per year). The Future cases refer to technology status in 2020 for onsite SMR and 2025 for onsite electrolysis, again assuming deployment with mass production is achieved five years later. Capital costs for Current gaseous (GH 2 ) and liquid (LH 2 ) hydrogen delivery truck stations and upstream equipment from the updated HDSAM model are also shown.
An important caveat to the costs shown in Table 4 is that the default H2A scaling factors are not necessarily valid for 100-kg/day stations; therefore, these costs may be underestimated. The years associated with Current and Future case studies are technology status years; it is anticipated that these costs would be realized "in the field" some five years after the technology status year (DOE 2012 ). This shift is incorporated into summary figures (Figure 4 , Figure 5 , Figure 6 , and Figure 7 ) to make H2A costs temporally consistent with other estimates of realized costs. Examples of how H2A onsite production station costs decline by station component and with station capacity are shown in Figure 4 . Production capital varies slightly between the two case studies, while compression, storage, and dispensing (CSD) capital costs are nearly identical. Figure 5 indicates the cost of hydrogen ($/kg, 2007 dollars) calculated in the future onsite SMR and electrolysis case studies, with cost components associated with CSD shown in green and those associated with production shown in blue. Again, costs associated with CSD are nearly identical, and production capital costs vary only slightly. The major difference in the cost of hydrogen is the higher cost of electricity as a feedstock compared to natural gas.
Total capital costs for H2A stations are compared to HSCC results in Figure 6 . For the onsite production stations, only CSD capital costs are compared in Figure 7 . This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Figure 6. Comparison of HSCC costs to total station capital costs from H2A
Figure 7. Comparison of HSCC costs to CSD capital costs from H2A
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The HSCC results indicated for EC, MS, and LS stations are shown as a time series based upon a hypothetical demand scenario. This demand scenario is described in detail in Section 4. The trend of HSCC costs declining over time captures the influence of experience and learning, while differences in costs for each HSCC station size (EC, MS, and LS) are due to relative economies of scale for each particular station capacity. These same time series trends are used to compare HSCC results to UCD and recent California stations in the sections below.
UCD Transition Analysis Study and Recent Updates
In a project primarily funded by industry representatives, UCD conducted a study in which input was collected from multiple stakeholders through a series of five workshops. The first report on the transition analysis study findings was published on December 21, 2009 .
One of the primary goals of the transition analysis study was to reach a consensus on technical and cost issues associated with near-term hydrogen infrastructure. Stakeholders participating in the UCD workshops were from the following organizations. Project sponsors are also indicated.
• California Air Resources Board
• California Fuel Cell Partnership (CaFCP)
• CEC
• Chevron (project sponsor)
• Daimler AG (project sponsor)
• DOE
• General Motors
• Honda Motor Company (project sponsor)
• NREL
• Shell Hydrogen (project sponsor)
• South Coast Air Quality Management District
• Toyota Motor Company (project sponsor)
• UCD A general conclusion from the study on the cost of hydrogen infrastructure was ):
The analysis concluded that for an infrastructure of 42 hydrogen stations in the LA Basin that supports 25,000 FCVs [fuel cell vehicles] by 2017, a $200 million total investment would be required ($170 million to build the stations and $30 million to operate them). If this were amortized over 10 years, an average hydrogen fuel retail price of $10/kg could recoup the costs.
In addition to examining infrastructure costs and rollout trends needed to serve an emerging California market, the study reports on several recommendations addressing policy support options and actions for different stakeholder types, including policymakers, automotive firms, and energy firms. The study recognized FCEV costs from the 2008 National Academy of
Sciences report (NAS 2008) and acknowledged a hypothetical market growth curve in which FCEVs reach over 70% of new light-duty vehicles sales by 2050, based upon Cunningham et al. (2008) . Timelines for various different activities are proposed, including the rollout of hydrogen stations in clusters with reference to average travel time modeling. This clustering analysis was elaborated upon in a separate report , and builds upon previous travel time traffic modeling conducted at UCD (Nicholas, Handy, and Sperling 2004) . A summary of the UCD transition analysis was later articulated in a journal article by Ogden and Nicholas (2011) . The costs reviewed below are taken from this most recent publication on the UCD transition analysis, which notes that information was collected through a series of interviews with key stakeholders, all of which were included in the original series of workshops. A major conclusion is that overall station network costs can be reduced through a station clustering strategy compared to the more typical spatial coverage strategy proposed in previous studies. This strategy of clustering and the role of station coverage have been discussed in deliberations among stakeholders engaged with the CEC, as discussed in workshops conducted in June and July of 2012 (CEC 2013b).
The station capital costs reported in the transition analysis study are summarized in Table 5 , indicating year of station installation, total capital per station capacity ($/kg/day), station type, and station capacity (kg/day). Multiplying the capital cost per capacity by station capacity results in the total capital cost per station. High and low estimates are provided for 2014 through 2017. This study assumed that all new hydrogen stations would be greenfield installations, therefore incurring a cost of $2 million for site preparation, permitting, engineering, utility installation, and buildings. This $2 million is a "baseline cost" for any type of refueling station, other than mobile refuelers, and is independent of the fuel (e.g., it would be the same for a new gasoline station). For hydrogen stations, hydrogen equipment costs are added to this baseline. This is one explanation for why the UCD transition analysis cost estimates are high relative to other cost estimates reviewed in the present report.
For the first three-year period (2009) (2010) (2011) , it was assumed that mobile refuelers cost $1 million, and that "fixed" 100-kg/day stations (i.e., not mobile refuelers) cost $3-$4 million. These costs are higher than H2A estimates (DOE 2012) or estimates in Weinert et al. (2005) and Weinert (2006) , but are consistent with current station costs reported in interviews with energy industry stakeholders. One reason for the high cost is that these stations are essentially "one of a kind" or "few of a kind" projects.
For the next three years (2012) (2013) (2014) , UCD researchers assumed that mobile refuelers cost $1 million. The costs for fixed refueling stations in the 100-400 kg/day size range are the baseline $2 million plus hydrogen equipment costs that are twice the H2A "current technology" values. The rationale for choosing twice the H2A "current technology" equipment cost is as follows. H2A's costs are based on production of 500 stations per year. But in 2012-2014, we would expect many fewer stations to be produced. If we reduce annual station production by a factor of 50-100 (to 5 to 10 stations per year), the equipment capital cost should be about 2 times the H2A estimate when we apply station equipment learning rates developed in studies by Weinert (2006) .
Two cost cases were analyzed for the final 3 years (2015) (2016) (2017) . In the "low cost" fixed station case, the study assumed a $2 million baseline plus equipment costs based on H2A "current technology" numbers. The "high cost" case assumes the same station costs as in 2012-2014. Table 6 indicates costs per kilogram of GH 2 or LH 2 delivered to the station, as well as the use of electricity for compression at the station and for onsite electrolysis (kWhe/kg, where the study assumed $0.10/kWh for the price of commercial electricity) and for the use of natural gas in onsite SMR stations (million British thermal units [MMBtu] /kg, where the study assumed a commercial natural gas price of $12/MMBtu). Fixed operation and maintenance costs are indicated as a percentage of total capital costs per year, and land rent (for Los Angeles) was assumed to be $5.0/ft 2 /month. Financial assumptions assumed a real discount rate of 12% and equipment life of 15 years.
These costs are higher than those reported by H2A due to the following assumptions:
1. All stations include a baseline site preparation cost of $2 million (greenfield development).
2. Land costs (rent) are approximately 10 times higher than in H2A (version 2), reflecting higher costs in the Los Angeles basin.
3. Feedstock cost assumptions for Los Angeles are high relative to natural averages.
4. Station equipment costs are higher due to a lack of supply volume and experience. Subsequent to the transition analysis study, Ogden and Nicholas collaborated with researchers at the CaFCP to update their estimates for compressed-gas truck delivery, based on recent technical developments at various industrial gas companies. They also updated their estimates for numbers of FCEVs in Southern California based on a more up-to-date survey by the CaFCP . This infrastructure rollout analysis was presented at several CaFCP workshops in 2012, although the final publication is forthcoming. Table 7 includes these updated estimates for compressed-gas trucks.
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. ) reports a range of station sizes, including 100-170 kg/day for the costs shown above as 100 kg/day, and 400-500 kg/day for a cost range of $1.5-$2.0 million, shown above as 400 kg/day and $1.5 million.
Each of the UCD capital cost estimates is compared to HSCC results in Figure 8 . As shown, the "low" and updated cost estimates for GH 2 and LH 2 truck delivery stations approximate the cost trends suggested by the HSCC. The updated 250-kg/day GH 2 truck delivery stations from are indicated as larger circles in the figure, and the single updated 400-kg/day GH 2 truck delivery cost estimate is labeled. The relative economies of scale associated with the smaller and larger UCD stations are somewhat greater than those associated with the EC (450 kg/day) and LS (1,500 kg/day) stations from the HSCC. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Recent Hydrogen Station Installations and Estimates in California (2009-2013)
The majority of recent hydrogen station installations in the United States have been in California, which has been recognized as an early market (Greene et al. 2008 ) and has adopted strong policies to support low-carbon alternative fuel vehicles, such as the zero emission vehicle mandate and the Low Carbon Fuel Standard. The CEC has been funding hydrogen station installation projects through the Alternative and Renewable Fuels and Vehicle Technologies Program (ARFVTP). Stations installed with support from the California Air Resource Board were described, along with costs, in the Interim Joint Technical Assessment Report (TAR) as part of an assessment of new corporate average fuel economy standards (EPA 2010). The capital costs from these "demonstration" stations are summarized in Table 8 as capital costs per station capacity, along with the station type, location, and station capacity. It is assumed that these station costs reflect stations ready to be installed in the year 2009. In 2010, ARFVTP funded an additional eight new stations, with awards to Air Products and Chemicals, Inc. (APCI) for six stations and to The Linde Group (Linde) for two stations (CEC 2010) . This 2010 award, referred to as PON-09-608, also funded two station upgrades by APCI and one station upgrade by Linde, although the costs associated with these upgrades are not included in the station cost comparisons below. Capital costs per capacity are shown for these new stations in Table 9 , assuming a planned installation year of 2013. 3 The average capital cost is indicated for the six stations from APCI, rated at 180 kg/day each, and the two Linde stations, rated at 240 kg/day each. Both types of stations have similar capital costs on a capacity basis, between $10,000 and $11,000 per kg/day of nominal installed capacity. These estimates reflect technology cost status in the planned installation year; expected installation dates have been pushed back for many stations.
The early Air Resources Board-funded stations (2009 vintage) in Table 8 are considered demonstration-type stations compared to the planned 2013 stations funded through PON-09-608. Stations funded through subsequent CEC ARFVTP awards were held to different standards and requirements, and therefore are not necessarily equivalent in terms of technical performance or market readiness. As indicated in Table 9 , these stations have somewhat higher capital cost per capacity, although the trend varies and significant economies of scale appear to be achieved through larger station sizes. The nine station awards announced through PON-11-609 for APCI, Linde, and Hydrogen Frontier were later recalled; these stations are therefore no longer planned, but are indicated as "late 2013" stations for the sake of comparing cost estimates (CEC 2012) . The seven stations subsequently funded through PON-12-606 are planned and indicated as 2014 stations (CEC 2013a). These cost estimates are indicated graphically, and compared to HSCC estimates in Figure 9 . The cancelled stations are shaded to indicate that they are no longer planned as are the other California stations shown in the figure. This figure highlights that the HSCC SOTA estimate is an intermediary value between the 2009 "demonstration" stations and the more recent stations funded through ARFVTP. Moreover, these recently funded stations are trending over time towards the capital costs per capacity for the EC, MS, and LS station estimates. Many details would need to be taken into consideration to develop a more complete understanding of the relative capital costs indicated in Table 8, Table 9 , and Figure 9 . As mentioned earlier, there are various shortcomings to using kg/day as a basis for capital costs, although the general trend in Figure 9 does appear to validate the consistency of HSCC results with real-world station cost estimates. One important distinction in Figure 9 is that the 2014 onsite electrolysis station estimate (Hydrogen Frontier) is shown for both total station capital costs and for the capital costs that are not associated with onsite production, referred to as "compression, storage, and dispensing" costs. In addition, the costs indicated for the 2014 APCI stations have been adjusted downwards for an assumed $400,000 per station cost associated with an upstream central fill station, as reported in PON-11-609 (CEC 2012) . Additional details on specific station requirements for each round of ARFVTP funding can be found in proposal materials (CEC 2013c ).
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Comparing Cost Estimates
This section compares trends across each of the station capital cost estimate sources reviewed above. The capital costs per capacity from the HSCC and the other three sources are summarized as a function of installation year in Figure 10, The HSCC capital cost function, being a temporal aggregate representation of multiple types of stations, provides intermediary costs bridging the 2014-2017 estimates from UCD and the 2020-2025 mass production estimates from H2A. However, given the stakeholder responses received through the HSCC, it is likely that the majority of responses may be associated with LH 2 truck delivery (Melaina et al. 2012 ), suggesting these estimates should align with the LH 2 truck delivery estimates from UCD. Although cost estimates become much more uncertain after around 2023, the trends in Figure 10 suggest that LH 2 truck delivery and onsite production technology station capital costs may reach a tipping point for larger stations (1,000-2,000 kg/day) within the 2020-2030 timeframe. This is emphasized in Figure 11 , which shows the capital cost estimates from Figure 10 as a function of station capacity. Dashed and solid lines indicate near-and long-term timeframes for UCD and H2A estimates, and symbol shape indicates the cost estimate source. As indicated, future cost estimates for LH 2 truck delivery stations and onsite production stations tend to converge near $3,000-$5,000 per kg/day capacity near the 1,000-kg/day station size (cf. Ogden et al. 1996; Thomas 1997) . However, as discussed in Section 4, hydrogen station networks will tend to have a broad range of station sizes as FCEV markets expand geographically and grow in size. Both small and larger stations will be required to meet coverage requirements and to achieve economies of scale. Figure 11 , a significant number of smaller stations will be needed to provide sufficient refueling availability for early adopters (Melaina and Ross 2000; Melaina 2003; Nicholas, Handy and Sperling 2004) . Larger stations can be installed as demand grows in a given area, but a balance must be achieved between station coverage to stimulate market growth and increased station capacity to achieve economies of scale. This section reviews a simulation of early market growth in California where this balance between coverage and capacity is reconciled (analytically) over time. The result is an estimate of average capital costs as FCEV markets and station networks expand over time. This simplified rollout simulation relies upon the capital cost function derived from the HSCC and provides perspective on how quickly, and at what scale, station capital cost reductions might be achieved during the early market introduction phase. The scenario station rollout trends resolve geographic coverage requirements and station economies of scale by relying upon the relative station size algorithm deployed in the Scenario Evaluation and Regionalization Analysis model (Bush et al. 2013 ) and described by Melaina and Bremson (2006) . Figure 13a indicates the resulting number of stations by size category, and Figure 13b indicates total installed station capacity by station size category. Smaller stations (100 to 250 kg/day) dominate initially, but give way to larger stations after 2017. Stations with a capacity greater than 1,500 kg/day become more prevalent over time and eventually become the majority of installed station capacity around 2025. As indicated, many early stations begin to be upgraded to larger capacities before 2017; after 2017, smaller stations are either upgraded to larger capacities or relocated to serve new emerging markets (not indicated in the graphs) and replaced with new, larger stations. The number of stations indicated for the 2012-2013 timeframe is nominal, based upon model capacity categories.
An updated
This simulation is limited to California and does not take into account additional station deployments that would likely occur in other states or internationally. If California proves to be a leader in developing hydrogen infrastructure to support new FCEV markets, the stations deployed in California will require most of the "learning investments" needed to bring down capital costs for various components, supplies, and designs. On the other hand, if international or East Coast markets develop simultaneously with California, learning investments can be spread out over a greater number of stations (assuming supply chain constraints do not hinder infrastructure rollout or result in increased deployment costs). As a point of reference, the 2012 Energy Technology Perspectives study projects 2.4 million FCEV sales per year as feasible by 2030 (International Energy Agency 2012). This is a significantly greater rate of market growth than the scenario depicted in Figure 13 , which supports roughly 1 million FCEVs on the road in California by 2030.
Figure 12. Scenarios of installed capacity and FCEVs supported for HSCC results
It is assumed that all learning investments required are reflected in the capital costs of the California stations, and no spillover cost reductions occur due to parallel market developments outside California. This assumption results in a relatively conservative estimate of capital cost reductions over time. Figure 14 portrays HSCC station costs associated with this simulation, indicating the decline in average station capital per capacity for new stations as they are installed over time, in greater numbers, and with larger capacities. These cost results follow directly from the HSCC equation presented above, and are therefore the marginal costs of new station capacity for a given average station size and particular year, where cumulative installed capacity increases each year. The simulation results are shown as orange dots in a time series overlay on top of the summary of cost estimates from Figure 10 . Significant cost reductions are achieved when stations begin to be installed during the 2014-2018 timeframe, and then costs continue to decline at a slower rate after 2018. By 2025, capital costs per capacity for average new stations approach $3,200 per kg/day, and are in alignment with the low UCD liquid truck delivery station estimates, the current LH 2 truck delivery costs from HDSAM, and the LS station type from the HSCC. Projected costs beyond 2025 are indicated as shaded symbols, given that the HSCC capital cost equation is limited to cumulative capacities less than roughly 300,000 kg per day, as discussed above. This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
Summary and Conclusions
The HSCC was used to collect expert stakeholder input on near-term opportunities to reduce the cost of hydrogen stations and was implemented in parallel with the 2011 Market Readiness workshop (Melaina et al. 2012) . Cost estimate results from the HSCC are compared to three other sources of hydrogen station cost estimates: (1) the DOE's H2A models, revised in 2012, (2) results from an extensive study of the transition to hydrogen conducted by UCD with significant industry and government stakeholder input with updates in 2012, and (3) public cost information on hydrogen stations to be installed in California between 2009 and 2013. Considering capital cost trends over time from these three sources suggests that the representation of capital costs in the HSCC provides intermediary values between the near-term estimates from stations recently installed in California and the longer-term mass production cost estimates from UCD and H2A. HSCC results therefore appear to be in alignment with other estimates of hydrogen station costs, and may be somewhat conservative with respect to projected cost reductions that could be achieved as technologies improve over time and economies of scale result from high-volume deployment of stations. As market conditions evolve over time and hydrogen station technologies improve, revised cost estimates and additional feedback from stakeholders may be needed to assess future cost reduction opportunities and market barriers.
Although station capital costs show strong economies of scale, a balance between station coverage and capacity must be achieved during early market growth. A simulation of station network growth in California suggests how the balance between coverage and economies of scale may influence average station capital costs. Strong reductions in capital costs are achieved during the ramp-up of station installations in the 2014-2018 timeframe, with continued but more moderate cost reductions after approximately 2020-2025. This is a relatively simple representation of station costs and rollout dynamics. Improved network cost estimates can be achieved by incorporating more realistic representations of coverage requirements in additional urban markets outside California, learning and experience from international market growth, the costs associated with the replacement of stations with larger capacity equipment, modular expansion of existing stations, and transaction costs associated with relocating smaller stations to provide coverage in new emerging markets. Leveraging infrastructure facilities supporting emerging non-FCEV markets, such as forklifts at warehouses or ground equipment at airports, may also reduce overall station network costs.
